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I. Introduction

SACSIM is a computer program designed to simulate
spacecraft attitude hold and maneuver operations during various
portions of the Skylab mission. The program integrates up to
22 first order differential equations in evaluating spacecraft
attitude and rate response to various disturbance and command
torques.

This memorandum provides a listing of the input
variables necessary to make a simulation run and assumes the
user has some familiarity with the system terminology, i.e.
input description is definitive rather than explanatory. 1In
addition to the input definitions, a brief description of the
simulator scope, components and logic flow is presented.

The dynamics and control equations which form the
basis of the program were provided by various (present and
former) members of Department 1022, viz. B. D. Elrod, S. C. Chu,
J. J. Fearnsides, J. Kranton and W. Levidow.

II. Scope
The intended uses of the program are to:

a) Study various Skylab mission modes i.e. solar inertial,
local vertical, quasi-inertial and momentum dump.

b) Exercise and evaluate various control moment gyroscope
(CMG) laws i.e. CMG steering, rotation and distribution
laws.

c) Investigate contingency modes, e.g. cases where one or
more CMGs fail.




III. Simulator Components

Figure 1 (due to B. D. Elrod) is a block diagram
of the Skylab attitude control system. The program written
to simulate same consists of a main program, an integration

package,(l) 50 subroutines, the Bellcomm vector package(z)
and a routine analogous to the vector package for quaternion

operations.(3) The following table identifies those variables
whose derivatives are integrated by the program:

Name Type Description

OMEGA vector vehicle rate

P quaternion relates vehicle system to command system

Q guaternion relates command system to solar inertial
system

R quaternion relates vehicle system to solar inertial
system

ALPHG vector CMG outer gimbal angles

BETAG vector CMG inner gimbal angles

PSI scalar quasi—inertiai parameter(4)

Appendix 1 is a listing of some of the major routines
and a brief statement of purpose. Appendix 2 lists the C@MM@N
sections and gives a general description of the type of variables
found in each. Appendix 3 is a cross reference of the various
subroutine calls and Appendix 4 relates the COMMPN sections to
the subroutines.

Iv. Logic Flow

In order to simulate the essential functions of the
attitude control system as well as the vehicle dynamics, the
basic cycle time of the simulator was chosen as one second,
the value used by the ATMDC "slow loop". Thus the normal
integration step size is one second and is reduced only at
certain points on the orbit where it is necessary to integrate
"exactly" to an event (node crossing, orbital midnight, etc.)
in order to output or save data at these times.




The program functions can be segmented into:
a) initialization, b) timing, c¢) control, d) input-output,
and e) dynamic simulation. With reference to Figure 2 it
is seen that the initialization consists of reading data
and conversion to appropriate units. This section of the
program also initializes the integrators and performs several
auxillary computations.

Those computations beginning with the TIMING section
and continuing through the DYNAMICS section are included with-
in the main program loop and are executed once per cycle. The
following table gives a brief explanation of the various steps
displayed in Figure 2:

Step Function

4 compute spatial and timing parameters, e.g. angular
displacement from orbit noon and time-to-go until

next nodal crossing. Establish the integration step
size for the ensuing cycle.

5 the orbit number is incremented by one at each midnight
crossing. The run terminates when either the orbit
number exceeds the required number or when 'time' is
greater than the input value of final time (Step 21)

6,7 if the cycle time has not been reduced by NAVTIM the
current value of 'time', (which due to the integration
routine is computed as a sum rather than a multiple

of the loop index) is corrected for small accumulated
error.

6,8 if we are to integrate over a portion of a cycle
(cycle time has been reduced by NAVTIM, step 4), it
is apparent that something other than usual sequencing
is occurring. Therefore a print is requested which
will provide information relative to the event being
executed (midnight crossing, etc). If this condition
obtains, the CONTROL section is skipped and no new
commands are generated until the program is back in
normal cycle sequence i.e. the ATMDC equations are
only computed at one second intervals.

9,10 computes command rate if vehicle is in local vertical
mode.



computes command rate if vehicle is in quasi-inertial

computes command rate, rate error and attitude error
for dump mode.

computes rate and attitude errors for modes other

if the thruster attitude control system (TACS) is
operative its error signal is computed here. The

logic determining which thrusters to fire and for

how long is included as is the computation of the
resulting torque and impulse usage. If the thrusters
are fired impulsively, the change in OMEGA is computed.

if the CMGs are operative, step 17 first computes the
desired control torque (a function of the rate and
attitude errors) and then the gimbal angle rates which
are functions of the desired torque.

prior to entering the integration routine, data may
be printed or saved for subsequent plotting. The
frequency is under input control.

integration routines - VEDYN computes vehicle dynamics

within the integration interval. The commanded rates
and the gimbal angle rates are held constant over the

see step 5 description.

Step Function
9,11

mode.
9,12
13

than dump.
14,15
16,17
18,19
20

interval.
21
22

prior to terminating the run, the plot routines
operate on the data saved at step 19.
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V-1 Additional Data

a) Permissible variable names for plotting (additional

variables may be easily added to this list)

'"TIME'

'@MEGAL"
'@MEGA?2"
'GMEGA3"
'"PHIER1’
'PHIER2"
'PHIER3"
'"WERR1'
'"WERR2'
'"WERR3'
'EN1’

'EN2'

'EN3'!

'ALPHGL1"
'ALPHG2'
'ALPHG3"'
'BETAGL'
'BETAG2'
'BETAG3'
'DEL@ZM1 "
'DEL@M2"
'DEL@M3"
'ALD@T1"
"ALDQT2"
'ALD@T3"
'BRD@T1"
'BTD@T2"'
'BTD@T3"'
'"THETD1"®
'THETD2"
'THETD3"
'DELTH1'

'DELTH2'
'DELTH3"
'EZAXIS'

'GIMMAG'

elaped time since start of run
vehicle rate

vehicle attitude error

vehicle rate error

combined TACS error signal

outer gimbal angles -45°

inner gimbal angles

Am resulting from minimum impulse
thruster firings

outer gimbal angle rates

inner gimbal angle rates

command rate

H ) - (H

(HypprenetHomg Hoyg!

VEHICLE Bcma’ 0

angle between local vertical and vehicle
Zz axis

square root of sum of squares of weighted
gimbal angles



'HHTMAG'
'RSST@T'

'SPSI'

'SPSID'
'CPSI'

'CPSID'
'ETAN'
'LATSC'
' LGNGSC'
'HT1'
'HT2'
'HT3'
'HTD1'
'"HTD2'
'HTD3'
'H11'
'H12'
'H13'
'H21'
'H22'
'H23'
'H31'
'H32'
'H33'
'HHT1'
'"HHT2'
'HHT3'
'"HHT1U*
'HHT2U '
'"HHT3U'
'HMAG'
'TCMG1'
'TCMG2'
'TCMG3'
'HTD@T1'
'HTDGT?2"
'HTD@T3"'
'"HHTDT1'
'HHTDT2'
'"HHTDT3'

magnitude of CMG momentum

square root of sum of squares of gimbal
angle rates

displacement of X principal axis relative
to local vertical

rate of SPSI

displacement of X principal axis relative
to orbital noon

rate of CPSI

displacement of vehicle from orbital noon
spacecraft latitude

spacecraft longitude

sum of the three CMG spin unit vectors

rates of HT1, HT2, HT3

components of CMG #1 spin unit vector

components of CMG #2 spin unit vector

components of CMG #3 spin unit vector

components of total CMG angular momentum

components of unit CMG angular momentum

magnitude of total CMG angular momentum
components of delivered CMG torque

components of desired CMG torque per
unit spin axis angular momentum

components of desired CMG torque




b)

c)

'RSSGMD''
'PERR'
'QERR'
'RERR'

'PHIDS1'
'PHIDS2'
'PHIDS3'
'TGG1’
'"TGG2'
'"TGG3"'
'"TAER@1"
'TAER@2"
"TAER@3 "
'DN1'
"DN2°'
'DN3'
'DN4 "
'DN5 "
'DN6*
'"PPLE]L"

'PGLE2"
'PPLE3"
'"PPLE4"’

'PYLES'
'PPLEG"

Docked Inertia Matrix
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square root of sum of squares of weighted
gimbal angle rates
eigenaxis rotation relating vehicle and

command systems

eigenaxis rotation relating command and .
solar inertial systems

eigenaxis rotation relating vehicle and
solar inertial systems

components of sensed spacecraft rate

components of gravity gradient torque

components of aerodynamic torque

angles defining CMG dynamic origin for
CMG rotation law

inner and

such that h

inner and

726241.
- 11125.
-286614.

726241.
- 11125,
-286614.

~

1

2

3

-11125.

4506154.
-21654.

-11125.
4506154.
-21654.

outer

outer
such that h

inner and
such that h

Undocked Inertia Matrix

outer

gimbal angles (CMG#1),
parallel to total CMG momentum
gimbal angles (CMG#2),
parallel to total CMG momentum

gimbal angles (CMG#3),
parallel to total CMG momentum

-286614.

- 21654.
4452278,

-286614.
- 21654.
4452278,
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d) Principal axis inertias (diagonal)
Undocked Docked
704279.376 704279.376
4516387.01 4516387.01
4463991.01 4463991.01
e) Transformaticn matrix - body to principal
.9970814 .0033522 .0762676
.0306450 .8974342 -.4400816
-.0699204 .4411347 .8947126
f) KO0 and K1
KO K1l
3.8 0 0 40.6 0 0
27.9 0 0 34.1 O
0 0 27.4 0 0 277.8
g) RT
Undocked
Thruster# 1 2 3 4 5
X 2758.7 2758.7 2758.7 2758.7 2758.7
Y 0 0 0 0 0
Z 137.5 137.5 137.5 -137.5 -137.5
Docked
X 2758.7 2758.7 2758.7 2758.7 2758.7
Y 0 0 0 0 0
Z 137.5 137.5 137.5 -137.5 -137.5

2758.7
0
-137.5

2758.7
0
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h) RCG
Undocked Docked
X 3300.5 ©3300.5
Y - 2.3 - 2.3
Z -26.4 -26.4
i) FJET (lbs)
Thruster #
1 2 3 4 5 6
X 0. 0. 0. 0 0 0
Y -50. 0. 50. 50. 0 -50.
Z 0. -50. 0. 0 50. 0

i) IKHAT - this input determines how KHAT (a quasi-inertial
parameter) is to be computed

IKHAT
1 KHAT = (IP(2)-IP(1))/IP(3)
2 KHAT = (IP(3)-IP(1))/IP(2)
3 KHAT = cosz¢0(IP(2)—IP(l))/IP(3)+sin2¢0(IP(3)—IP(1))/IP(2)
4 KHAT = input value

asin’e | (IP(3)-TP (1)) /IP (2) +cose y (IP (2)-IP (1)) /IP (3)
5 KHAT =

asin2¢0+c052®0

_ IP(3)-IP(2)
@ = 1'[ TP (3) ]

in the above IP are principal axis inertias and 2

is the angular displacement about the X principal
axis of the Z principal axis from the orbit normal
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V-2 Further explanation of inputs (See V)

ALPHAL
g1

EPSLN1
EPSLN2

IGIM

ETAX
TGMTO

the launch azmiuth and the orbital inclination are
equivalent specifications, given the launcher
latitude. 1If ALPHAL is input, inclination is
computed and if inclination (@I) is input, the
launch azmiuth is computed

in the implementation of a CMG control law by Chu
and Kranton (See Reference 5 pg 7 equation 10) a

test was necessary to prevent the inversion of a

possibly singular matrix;

) -1 1
if determ Cka Ck < EPSIN],
EPSLN2 0 0
then set ¢, o tc. 1 = c o7tc 1+ 0 EPSLN2 O
k*k “k k*k “k
0 0 EPSLN2

in computing the dynamic origin for the CMG steering
law if

IGIM 1 use the unit vector normal to the orbit plane

IGIM

2 use the vector sum of the CMG unit spin
angular momentum vectors

in defining the spacial parameters of the orbit, the
GMT at launch and either the launch azimuth or the
orbit inclination completely define all the parameters.
However in most cases what is desired is a particular
value of ETAX. The ATMDC equations compute ETAX from
TGMTO0 but for this application the 'inverse' relation-
ship is required and would necessitate the addition

of an iterative routine to the program. As an alter-
native the iterative routine was run separately and

a table built into the program such that ETAX may be
input and TGMTO looked up, but only for 50° inclination

orbits and only in integral multiples of 5° in ETAX.
For other desired values of ETAX, the iterative routine
must first be run to determine the proper TGMTO.
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C@MDMP
C@MLV
CEMQI
C@MRAT
C@MTQ

C@NVRT

DCTQ

DENSE
ERR@R

JET@N

NAVTIM

@PTCEN
GgUTPUT
PL@TER

PRINT

RATELM

REFC@R
SACSIM
TACS

TIMING

TZRQ

Appendix 1

Major Subroutines

computes dump maneuver commands

computes local vertical maneuvers commands
computes quasi-inertial commands

computes gimbal angle rates

computes delivered CMG torque given gimbal rates

initialization routine-converts to radians,
sets constants, etc.

converts rate and attitude errors to desired
CMG torques

computes atmospheric density
computes attitude and rate errors

computes TACS torques, delta omega and
comulative impulse usage

does all geographic and timing calculations
and controls discontinuities in integration

implementation of Kranton's CMG control law
print routine for subroutine NAVTIM
saves data and generates plots

print routine for other variables e.g. gimbal
angles, torques, etc.

handles rate limiting and gimbal stop encounter
logic

handles coordinate transformation
main program

simulates PRD TACS firing logic
sets up sequence of events/orbit

computes aero and/or gravity-gradient torques




VEDYN computes all derivatives (which are sub-
sequently integrated)




Block
ANGLES
CNTR@L
DENS
DYNAMC
ELR@D
FRNSID
INTEG
KRANTN
LEVID@
PHYC@N
PLTC@M

PRTPLT

QUASI
QUATRN
SEQUENS

VEHC@N

2LV

Appendix 2
CPMM@N Sections

Variables relate generally to:

sines, cosines and tangents of gimbal angles
attitude control system errors

atmospheric density

external and control torques

navigation and timing

thruster attitude control system
integration routines and various derivatives
CMG control laws

dump equations

physical constants

plotting inputs

those variables it is desired to print or
plot i.e. duplicates variables from several
other C@MM@N blocks and retains them in an
easily accessed block

quasi inertial mode

coordinate systems

program sequencing logic

properties of the Skylab vehicle; inertias,
reference areas etc.

local vertical mode




CALLING
ROUTINE

ANGMAG
BL@CKDATA
C@MD@K
C@MLV
C@MQI
CgMTQ
DAYLIT
DENSE
ELIP
GIMN@ZM
IDWORD
JET@N
MESSG
@UTPUT
P@SITN

"QIRATE

RATELM
RLAW
SCT
SUMD@T
TACS

. T@RQ
' VENT

ZLVTIM

CALLED

AUXVAR
C@MDMP
C@MDPS
C@MMAN
CZMRAT
C@NVRT
DCTQ
DLAW
ERR@R
G1G2G3
INTRPL
NAVTIM
PPTC@N
PL@TER
PRINT
QPACK
REFC@R
SACSIM
SISUBM
TABLE
TIMING

"VEDYN

XLAM

ROUTINE
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SUBROUTIN
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Case 620

ABSTRACT

The attached memorandum presents a detailed
listing of the inputs necessary to run the SACSIM program
for simulating the Skylab Attitude Control System. The
listing includes pre-set numerical values of these inputs.
A brief description of the simulator scope, components,

and logic flow is also presented.




